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Summary
Introduction: The physiopathogenetic mechanisms possibly involved in sudden unex-
plained epileptic death (SUDEP), were investigated in the hemispherectomized rat.
Methods: For this purpose, paroxysmal activity, vagal nerve firing, systemic blood
pressure (BP), pulmonary artery pressure, and ECGwere simultaneously recorded in an
experimental animal model of epilepsy. Recordings were performed in basal conditions
and during paroxysmal activity induced by topical application of penicillin-G at
hypothalamic and mesencephalic level. During the experiment were also performed
hemogas analysis and at end, samples of lung tissue were processed for histology.
Results: Activation of hypothalamic (HEF) and mesencephalic (MEF) epileptic foci
induced a significant increase of spontaneous vagal nerve firing that was strictly
correlated to ECG impairments and hypotension. When paroxysmal activity extin-
guished, vagal nerve activity and cardiovascular parameters returned to basal condi-
tions. However, in 25% of the animals, co-activation of HEF and MEF always triggered a
vagal hypertone which was temporally correlated to cardiac arrhythmias, but also to
hyperkalemia, acidosis, pulmonary hypertension and to animal death. Histological
control in lungs of deceased animals showed an alveolar and perivessel oedemawith an
oedematous infiltration in the alveolar and bronchial spaces and mucous secretion.
During ictal activity, comparison between survived and deceased animals showed
significant differences in the incidence of ECG impairment of pulmonary artery
pressures, pO2, and pCO2 pressures, and [K
+], [HCO3
S], and [pH], concentrations.
Discussion: A possible explanation of the above observations is discussed in relation-
ship to SUDEP physiopathogenesis.
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In people with chronic epilepsy, sudden unexplained
epileptic death (SUDEP) is the most common cause
of mortality related to seizures.1—5 Evidence for
epileptic seizures, immediately before death, is
reported in 24—80% of the patients, however, a
seizure always ended before death and, in the
majority of the cases, patients recovered conscious-
ness.6—7 Different physiopathological events contri-
bute to SUDEP and its genesis is probably multi-
factorial since it includes cardiac arrhythmias,
induced by epileptic seizures,8 neurogenic pulmon-
ary oedema,9 respiratory failure10 and asphyxia.11
Cardiac arrhythmias, both during seizures and
interictal activity, may result in heart failure caused
by complete atria-ventricular conduction block.12
Respiratory complications, such as obstruction of air
pathways, central apnoea, neurogenic pulmonary
oedema and metabolic impairments are probably
only final events.13 However, the precise role of
these factors in the pathogenesis of SUDEP, has still
to be clarified. Among the hypotheses it has been
proposed the involvement of the autonomic nervous
system, since seizures may be preceded by auto-
nomic symptoms that are also evident during their
evolution.14—17 This fact is probably dependent on
propagation of electric activity to autonomic cen-
tres far from the epileptic focus.18 The analysis of
heart rate variability in humans, about 30 s before
seizure begins, demonstrated a significant reduction
of parasympathetic tone along with a significant
increase of sympathetic activity.19
Studies performed using the same experimental
animal model, allowed to propose a plausible
explanation of the electrocardiographic patterns
observed during the epileptic attack. In particular,
these studies demonstrated the existence of cardi-
oarrhythmogenic triggers localized at hypothala-
mic, midbrain and hindbrain levels that, when
activated by the epileptic foci, induce the appear-
ance of cardiovascular impairments.20,21 These
were characterized by sinus bradyarrhythmias,
alterations of the repolarization and atria-ventricu-
lar blocks of different degree, as well as by a sig-
nificant decrease of systolic pressure.20—23 However,
when paroxysmal activity ended, cardiovascular
alterations always disappeared. Therefore, with
the animal supported by the artificial ventilation
and without signs of metabolic derangement, the
cardioarrhythmogenic triggers activation was not
sufficient to explain SUDEP.
In a more recent paper we reported results of a
study performed using the same experimental model
of epilepsy, that analyzed the derangement of theautonomic systemand its influence in life threatening
arrhythmias, during paroxysmal activity. Results
showed that during cardioarrhythmogenic triggers
activation, the spontaneous vagal nerve activity sig-
nificantly increases. This event triggers in turn the
appearance of cardiac arrhythmias that become life
threatening to a point to even induce animal death.
However, this event only occurred when blood gases
and electrolytic parameters were simultaneously
impaired.24 These experiments suggested that fatal
evolution consequent to heart impairment, is prob-
ably related not only to a cardiac dysfunction of
autonomic origin, but also to a concomitant meta-
bolic derangement that shares, most likely, the same
genesis.Notwithstandingartificial ventilation, 25%of
the animals developed a slight acidosis, a significant
reduction of bicarbonate concentration, a decrease
of pO2 and an increase of pCO2 pressures. In a con-
dition of vagal nerve super-sensitivity, the risk of
cardiac arrest and the induction of cardio-respiratory
reflexes which may strengthen bradyarrhythmias,
must be considered.25,26
Aim of this study was to investigate in hemispher-
ectomized rats, the existence of pulmonary com-
plications during the activation of central
cardioarrhythmogenic triggers that may help to
explain, in this model of epilepsy, some aspects of
the physiopathogenetic mechanisms that partici-
pate in SUDEP genesis.
Materials and methods
Theexperiments, authorizedby the ItalianMinistryof
Healthand the localVeterinaryPublicHealthService,
were performed on Wistar rats (n = 57) of both sexes
(250—400 g b.w.), which were submitted to ether
anaesthesia throughout surgical preparation.
Surgical preparation
The animals were tracheotomized and cannulated
for artificial ventilation. The vagal nerve of the right
side was isolated at neck level, prepared for sub-
sequent electrophysiological recordings and then
protected with a warm solution of oil and paraffin
(37 8C).
The right jugular vein was then isolated and a
catheter was inserted up to the pulmonary artery to
assess blood pressure (BP) changes throughout the
experiment. Left femoral artery was also cannu-
lated for systemic arterial blood pressure recordings
and blood samples withdrawal.
Animals were then fixed in prone position to a
stereotaxic frame, craniotomized and laminecto-
mized at C1—C2 levels, the operatory wounds being
Sudden death in experimental epilepsy 277injected with xylocaine (0.3%) every 30 min,
throughout the experiment. The olfactory lobes
and brain hemispheres were removed by suction
to exclude their involvement in the genesis of par-
oxysmal activity and to expose the thalamus and the
quadrigeminal lamina.20 A paraffin wall was built
around the thalamus and quadrigeminal lamina to
protect the anterior and lateral surfaces of the
diencephalon and the lateral and caudal part of
the mesencephalon, but even to avoid the spread
of penicillin-G solution to the surrounding struc-
tures. The exposed surfaces were protected with
a small patch of fibrin sponge soaked with warm
mineral oil (37 8C).
The ether anaesthesia was then stopped, the
animals paralysed with Pavulon (pancuronium bro-
mide, 0.02 mg/kg1) and artificially ventilated.
Blood gas analysis
Blood gas analysis was performed using an ABL-700
analyzer (sample: 95—195 ml), and the following
parameters were measured: partial O2 and CO2
pressures, bicarbonate, sodium, potassium and Hb
concentrations, pH value, O2% saturation and bases
excess (BE). Analysis was performed in basal con-
ditions and repeated every 40 min throughout the
experiment, since the beginning of a clear parox-
ysmal activity in the electrothalamogram record-
ings. To evaluate the spontaneous evolution
metabolic derangements that developed during
the course of the experiment, were not purposely
adjusted. Body temperature was instead kept con-
stant at 37  1.5 8C using a heating pad coupled
with a rectal probe.
Respiratory parameters
In the animals, artificially ventilated, main respira-
tory parameters were 2.5—4 cc for tidal volume,
and 50 strokes/min for breathing frequency.
Epileptic foci
The epileptic foci were simultaneously induced at
hypothalamic (Hypothalamic Epileptic Focus: HEF)
and mesencephalic (Mesencephalic Epileptic Focus:
MEF) levels. A solution of sodium penicillin-G (1—
1.5 ml, 500.000 I.U./ml, buffered with Tris to pH
7.35—7.45), was carefully dropped inside the par-
affin well built on the exposed thalamic and mesen-
cephalic surfaces, (mineral oil being previously
removed). Penicillin-G contamination of more cau-
dal structures was avoided by topical application of
a buffered solution of penicillinase. This bacterial
enzyme catalyses the hydrolysis of the penicillin-Glactam ring, causing the disappearance of epilepto-
genic activity of this drug.27
Two different patterns of epileptogenic activity
were considered: interictal and ictal.28,29 The first is
characterized by recurrent single bursts (each lasting
80—120 ms) spaced by silent periods, while the sec-
ond by longer lasting periods of paroxysmal activity
(1—1.5 min). Previous reports in which it has been
utilized the same model of experimental epilepsy,
describe in details the electrophysiological features
of these patterns of paroxysmal activity.23,24
Recordings
All the recordings were simultaneously acquired and
performed in basal conditions, i.e. before penicillin-
G application, immediately after and every 10 min
during paroxysmal activity until the end of the
experiment. Bioelectrical signals were sent after
A/D conversion to a computer, but also stored on
a magnetic tape for later off line analysis. Electro-
thalamogram, spontaneous firing of hypothalamic
neurons and vagal nerve fibers, and ECG signals,
were analyzed using a specific software (Tecfen
computerscope analysis ISC-16).
Hypothalamic neurons activity
The spontaneous electrical activity of hypothalamic
neurons was extracellularly recorded20 using tung-
sten in glass microelectrodes (700—900 kV), which
were advanced to the recording point using a David
Kopf micro driver (Fig. 1.(1)). Bioelectrical signals
were sent to a conventional preamplifier and then
after A/D conversion to the computer that con-
verted single spikes into standard pulses for the
analysis of cumulative frequency distribution.
Electrothalamogram (ETG)
Multiunit spontaneous activity of thalamic neurons
was recorded from the thalamic surface using a pair
of silver ball electrodes which were carefully posi-
tioned on the pia. The ETG signals were sent to a
conventional preamplifier and then fed to another
channel of the computer (Fig. 1.(2)). The analysis of
temporal correlation between ETG waves and dee-
per diencephalic activity was performed.
Multiunit vagal nerve fibers spontaneous
activity (MUAV)
The spontaneous firing of vagal nerve fibers was
recorded using tungsten in glass microelectrodes
(700—900 KV), which were carefully inserted inside
the nerve trunk using a micro driver (David Kopf).
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Figure 1 Traces refer to simultaneous recordings of spontaneous electrical activity of hypothalamic neurons (1),
electrothalamogram (ETG; 2), vagal nerve fibers (3) and electrocardiogram (4) in a survived animal. (A) Basal conditions.
(B) Sixty minutes after the activation of cardioarrhythmogenic triggers at hypothalamic and mesencephalic levels.
Paroxysmal hypothalamic activity (B1) is synchronized to ETG activity (B2) vagal nerve firing (B3), as well as to specific
ECG events such as: impairment of A-V conduction, ventricular escapes and sinus-atria blocks (B4). Horizontal
calibrations: traces 1—2 (800 ms/div); traces 3—4 (1.2 s). Vertical calibrations: trace 1 (500 mV); trace 2 (200 mV);
trace 3 (80 mV); trace 4 (0.25 mV).Multiunit electrical activity of vagal fibers (MUAV)
was sent to a conventional preamplifier and then to
a third channel of the computer for the analysis (Fig.
1.(3)).
Systemic arterial blood pressure
Blood pressure was recorded from the femoral artery
using a Statham pressure transducer connected to a
Soxil device (model 3271). Recordings were continu-
ously charted by a Grass polygraph (7P5 and 7DA).
Pulmonary artery blood pressure
Pulmonary artery pressure was recorded using a
Statham pressure transducer connected to a Simens
device (Sirecust 961 model) that allowed to monitor
and chart its time course during the experiment.
ECG recordings
A dynamic ECG according Holter, was recorded
throughout the experiment using subcutaneous nee-
dle electrodes. Electrocardiographic signals were
also sent to a conventional preamplifier and then
fed to a fourth channel of the computer for the
analysis (Fig. 1.(4)) and the evaluation of temporal
correlations of electrocardiographic specific
events with ETG (Figs. 3 and 4) and vagal activity
(Figs. 1.(3—4)). Furthermore, the I, II and III ECG
limb leads were recorded using a Grass 7P5 and 7DA
polygraph.
Statistical analysis
Data were analyzed using the specific software
Systat version 10. Standard descriptive statisticwere used to generate mean and standard devia-
tions. Changes over time of the variables were
analyzed using paired t-test, while unpaired t-tests
was used to test the differences, for the analyzed
parameters, between survived and deceased ani-
mals.
For each parameter the values during basal,
intertical and ictal activities, were compared using
the analysis of variance (ANOVA), while chi-square
analysis (x2) was used to test significance of differ-
ence of arrhythmic events during ictal activity in
survived and deceased animals. Regression analysis
and Pearson correlation were also calculated to
assess associations between variables.30
Histological procedures
At the end of the experiment an electrolytic lesion
(20 mA, 10 s, negative current) marked the record-
ing site for subsequent histological control. The
animal was then sacrificed with a barbiturate over-
dose, the brain removed, fixed in Carnoy’s solution,
embedded in paraffin, and the sections (40 mm
thickness) Nissl stained. Lungs were also removed
and fixed in 10% formalin solution and sections
prepared for hematoxylin—eosin staining.Results
In agreement to what reported in a previous study,23
topical application of penicillin-G onto the thalamic
and mesencephalic surfaces induced, in hemispher-
ectomized rats, the appearance of paroxysmal
activity at hypothalamic level (Fig. 1B.(1)).
Hypothalamic epileptic bursts were temporally
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Figure 2 Diagram in A shows the correlation analysis
between the electrical activity of epileptic foci (HEF-MEF)
and the spontaneous firing of vagal nerve fibers (MUAV).
Diagram in B shows the correlation between MUAVand ECG
impairments. Both diagrams refer to an animal of the
survived group. Y-axis for HEF-MEF in A refers to the total
number of paroxysmal episodes, and X-axis for MUAV to
the total number of vagal nerve spikes. Y-axis for MUAV in
B refers to the total number of vagal nerve spikes and X-
axis for ECG impairments, to the total number of different
pathological events.correlated to the negatives waves recorded from
the thalamic surface24 and therefore these latter
were taken as evidence of a stabilized paroxysmal
activity at hypothalamic level (Fig. 1B.(2)).
Fifty minutes after penicillin-G application, ETG
recordings showed a well-organized paroxysmal
activity which was characterized by an interictal
pattern, temporally correlated to the hypothalamic
bursts (Figs. 1B.(1—2)), and by a significant increase
of vagal nerve firing in comparison to basal condi-
tions (paired t-test; p < 0.01). One hundred and
twenty minutes after penicillin-G application, ictal
activity further developed along with that of vagal
nerve. In basal conditions (Fig. 1A.(3)), MUAV was
characterized by a tonic firing that significantly
increased (paired t-test; p < 0.005; Fig. 1B.(3)) in
temporal correlation with paroxysmal activity of
hypothalamic and mesencephalic foci. Vagal nerve
firing increases always followed, within a short
latency, the paroxysmal activity of the epileptic
foci, to return to basal conditions concomitantly
to its extinction. Paroxysmal activity and vagal
nerve firing were strictly correlated (Fig. 2A), as
also were vagal nerve firing and ECG impairments
(Fig. 2B).
The activation of cerebral cardioarrhythmogenic
triggers, and the marked increase of vagal activity,
induced the appearance of ECG impairments such
as: wandering pacemaker, biphasic or negative P
waves, extrasystolia, A-V blocks, derangement of A-
V conduction and recovery phase, branch blocks,
bradyarrhythmias, flattened Twaves and alterations
of blood pressure values. These observations agree
with results of our previous studies that documented
in details the temporal correlation between parox-
ysmal activity and cardiovascular impairments,
their specific features, and the neurogenic origin
of the phenomena.20—24 In fact, during paroxysmal
hypothalamic activity the cardiac and hemodynamic
derangement appeared without any metabolic com-
plication and within a short latency, showing there-
fore their neurogenic origin. Two examples are
shown in Figs. 1 and 3.
However, when bradyarrhythmia was well evi-
dent, ECG signals were often concomitantly and
significantly increased in voltage (paired t-test;
p < 0.01), this observation suggesting a possible
increase of cardiac inotropism (Figs. 3B—D). In no
case, throughout the experiment ever appeared
significant changes of hemogas parameters.
During paroxysmal activity, recordings of pulmon-
ary artery blood pressure showed a slight but not
significant change in comparison to its basal value.
Notwithstanding all the animals showed the same
pattern of interictal and ictal activities and a similar
vagal hypertone, 16% (n = 7) of the survived animals,not only did not show any derangement of metabolic
parameters and pulmonary blood pressure but even
the systemic pressure and the cardiac rhythm
remained unmodified in comparison to basal condi-
tions (Fig. 4). However, ECG recordings often
showed in this group a significant voltage increase
(paired t-test; p < 0.01) of atrial and ventricular
ECG complexes suggesting, even in this case, a
possible increase of cardiac inotropism (Fig. 4B
and C).
In all survived animals (n = 43) at the end of
paroxysmal activity, vagal nerve firing and cardio-
vascular parameters returned to their respective
basal values. Four hours after the appearance
of paroxysmal activity all survived animals were
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Figure 3 Traces refer to simultaneous recordings of ETG
(A—D trace 1) and ECG (A—D trace 2) in basal conditions
(A), 20 min (B), 30 min (C) and 60 min (D), following
cardioarrhythmogenic triggers activation at hypothalamic
and mesencephalic level in an animal of the survived
group. Electrocardiographic recordings show a significant
voltage increase of atria and ventricular complexes (B—
D), sinus bradyarrhythmias (C) and (D) second degree
blocks (Mobiz 1). Horizontal calibration: 0.5 s (all traces).
Vertical calibrations: ETG (200 mV); ECG (1 mV).
Figure 4 Traces refer to simultaneous recordings of ETG
(A—C trace 1) and ECG (A—C trace 2) in basal conditions
(A), 30 min (B), and 60 min (C), following cardioarrhyth-
mogenic triggers activation at hypothalamic and mesen-
cephalic level in an animal of the survived group.
Electrocardiographic recordings show a significant voltage
increase of atria and ventricular complexes (B and C).
Calibrations: as in Fig. 3.sacrificed, macroscopic and microscopic examina-
tions of their lungs never showing relevant altera-
tions of pulmonary parenchyma, pulmonary vessels
and/or bronchial tree.
Deceased animals
In approximately 25% of deceased animals (n = 14),
interictal and ictal activities showed similar elec-
trophysiological features as well as a time course
that overlapped the one observed in survived
animals. Similarly, the spontaneous vagal nerve
activity showed a comparable trend of that
observed in the survived animals. However, in
agreement to what reported in a previous study,24
the occurrence of cardiac arrhythmias and meta-
bolic derangement in this group of animals, was
always followed by their death which occurred
during ictal activity, 3—4 h after the beginning
of paroxysmal activity. Tables reported in
Fig. 5A show the mean  standard deviations ofa number of metabolic (Na+, K+, HCO3
S, pH, pO2,
pCO2, Hb), cardiovascular (heart rate, pulmonary
artery pressure, systemic pressures) and bioelec-
trical (MUAV, HEF-MEF) parameters, acquired in
basal conditions and during interictal and ictal
activities. Statistical significance of differences
for each parameter (ANOVA), among the three
conditions is also shown. During ictal activity
furthermore, vagal nerve firing was significantly
correlated (r = 0.645) to the plasmatic potassium
concentration increase (Fig. 5B).
Electrocardiographic recordings showed atrial
bradyarrhythmias at variable conduction, sinus atria
blocks of different degree, worsening of A-V con-
duction, S-T depression and Twaves of high voltage
and short duration.
Recordings of systemic blood pressures showed a
significant reduction of systolic and diastolic values
in comparison to their basal values while pulmonary
artery pressures values underwent to a significant
increase. The latter in particular in concomitance to
interictal activity, reached amean increase of about
20% of its basal value. Moreover, the appearance of
ictal activity determined in all animals and in tem-
poral correlation a further significant increase (50%)
of pulmonary artery pressure. Fig. 6A—C shows
three specimens relative to the typical trend of
the pulmonary artery pressure during the experi-
ment in an animal of this group.
Sudden death in experimental epilepsy 281
Figure 5 Tables in A show mean  S.D. relative to the main metabolic, cardiovascular and respiratory parameters
determined in basal conditions and during interictal and ictal activity in animals of the deceased group. For sodium (Na+),
potassium (K+), bicarbonate (HCO3
) and pH, values are expressed as mEq/L. For hemoglobin (Hb) values are expressed in
g/100 ml, for pO2 and pCO2 pressures inmmHg and for heart rate (HR) in beats/min. Arterial systolic (ASP), diastolic (ADP)
and pulmonary artery pressures (PAP) are expressed in mmHg. Multiunit vagal nerve firing (MUAV) and cardioarrhythmo-
genic triggers activity (HEF-MEF) are expressed as number of spikes/s. Statistical significance of differences (ANOVA)
between basal conditions, interictal and ictal activity are also shown. Diagram in B shows the correlation analysis
between the electrical activity of vagal nerve fibres (MUAV) and blood potassium concentration (K+) during ictal activity.
Y-axis for MUAV refers to total number of vagal nerve spikes and X-axis to potassium concentration (mEq/L).At the end of the experiment, post-mortem
macroscopic control of the lungs, showed in no case
relevant alterations. Histological preparations
showed instead a slight alveolar and perivessel
oedema in the sub-interstitial spaces of the arterial
vessels and a concomitant oedematous infiltration
in the alveolar and bronchial spaces (Fig. 7A and B).
Finally, the bronchial tree was filled with consider-
able intraluminal mucous secretion (Fig. 7C).
Comparison among survived and deceased
animals
The comparison among survived and deceased ani-
mals was performed at corresponding times after
the appearance of paroxysmal activity. All survived
animals were pooled and compared to the deceased
animals (paired t-test). As shown in Table 1A, there
were not differences between basal conditions inthe two groups. This was also true with regard to
the activity of HEF and MEF and vagal nerve firing
during interictal and ictal activities. Significant
differences between the groups were instead found
relatively to the effects induced on the majority of
the parameters by the activation of the cardioar-
rhythmogenic triggers (Table 1B—C). During ictal
activity significant differences were in fact
observed relatively to HR, systolic and diastolic
pressures, pulmonary artery pressure, K+ and
HCO3
 concentrations, pH values, as well as pO2
and pCO2 pressures (Fig. 8).
With regard to the patterns of ECG impairment
that characterized deceased and survived animals,
during interictal activity there were not significant
differences. However, chi square test showed during
ictal activity a significant difference with regard to
the incidence of sinus-atria blocks, bundle branch
blocks and T wave impairments (Table 1D).
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Figure 6 Specimens of pulmonary artery pressures
recordings (mmHg) in an animal of the deceased group.
(A) basal conditions, (B) 20 min and (C) 30 min after the
induction of the hypothalamic and mesencephalic cardi-
oarrhythmogenic triggers. PA refers to pulmonary artery
pressures min/max values, while in parenthesis are shown
the mean values. Figure 7 Hematoxylin—eosin histological preparations
of lung tissue sample of a deceased animal. In (A) is
appreciable a perivessel oedema in the sub-interstitial
space of arterial vessels (4). (B) Abundant intraluminal
mucous secretion within the bronchial tree with an oede-
matous infiltration in the alveolar and peribronchial
spaces (10). (C) Abundant intraluminal mucous secretion
within the bronchial lumen (10).Discussion
Results confirm previous findings that demonstrated
in hemispherectomized rats a significant impair-
ment of vagal nerve activity following paroxysmal
activation of specific cardioarrhythmogenic trig-
gers, localized at hypothalamic and mesencephalic
levels.24
Moreover, observations performed in the group of
the deceased animals demonstrated that cardiac
arrhythmias became life threatening only when ani-mals concomitantly developed a severe metabolic
impairment, which was basically represented by a
temporary increase of plasma potassium concentra-
tion, metabolic acidosis and both hypoxia and
hypercapnia (Fig. 9).
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Table 1 Mean  standard deviations (S.D.) relative to the main metabolic, cardiovascular and respiratory para-
meters determined in basal condition (A) and during intrictal (B) and ictalc (C) activities in survived and deceased
animals
HR ASP ADP PAP MUAV HEF-MEF
(A) Basal conditions (mean  S.D.)
Survived (n = 43) 336.2  17.7 121  9.8 80  4.5 13.3  1.4 22.88  4.9 0.0
Deceased (n = 14) 335.1  10.9 121.3  8.4 82  10 14.5  1.8 19.4  6.5 0.0
p significance n.s. n.s. n.s. n.s. n.s. n.s.
Na+ K+ HCO3
 Ph pO2 pCO2 Hb
(A) Basal conditions (mean  S.D.)
Survived (n = 10) 136.4  4.3 3.45  0.44 27.36  3.3 7.38  0.16 93.1  10.3 40.6  3.1 14.9  3.4
Deceased (n = 21) 136  6 3.6  0.4 29.2  2.8 7.39  0.6 95  4 40.5  2 14.6  3.7
p significance n.s. n.s. n.s. n.s. n.s. n.s. n.s.
HR ASP ADP PAP MUAV HEF-MEF
(B) Interictal activity (mean  S.D.)
Survived (n = 43) 325  4.3 114.5  5.8 76.6  4.6 11.2  4.4 156.7  7 0.097  0.02
Deceased (n = 14) 238.3  43.7 109.3  6.9 64.4  5.3 20.7  3.6 159.9  50 0.102  0.17
p significance <0.001 <0.005 <0.005 <0.005 n.s. n.s.
Na+ K+ HCO3
 Ph pO2 pCO2 Hb
(B) Interictal activity (mean  S.D.)
Survived (n = 43) 137.3  2.4 3.59  0.24 26.09  3.4 7.4  0.09 92.1  7.7 41.7  1.5 15.1  1.3
Deceased (n = 14) 135  0.6 7.23  1.8 25.8  1.9 7.2  0.17 66.7  9.1 44.8  3.6 15.5  0.9
p significance n.s <0.005 <0.005 <0.005 <0.005 <0.005 n.s
HR ASP ADP PAP MUAV HEF-MEF
(C) Ictal activity (mean  S.D.)
Survived (n = 43) 313.2  15.2 109.8  8.3 69.7  6.9 12.2  2.8 410.7  121 90.7  24.8
Deceased (n = 14) 190.2  87.3 103.5  2 56.9  3.3 26.4  2.4 403.7  220 86.1  24.1
p significance <0.001 <0.005 <0.005 <0.005 n.s. n.s.
Na+ K+ HCO3
 Ph pO2 pCO2 Hb
(C) Ictal activity (mean  S.D.)
Survived (n = 43) 136.4  6.2 3.76  0.45 24.9  2.8 7.36  0.2 88  9.3 42.4  2.7 15.8  0.7
Deceased (n = 14) 135  2 8.61  4 13.6  4 7.18  0.1 47.8  17 49.9  5.3 16.07  2.4
p significance n.s <0.005 <0.005 <0.005 <0.001 <0.005 n.s
Bradycardia SAB AVB BB SVEB VEB ST T
(D) Percentage of arrhythmic events during ictal activity
Survived (n = 43) 90% 46% 70% 59% 90% 80% 66% 45%
Deceased (n = 14) 94% 50% 79% 68% 89% 85% 68% 75%
p significance n.s <0.005 n.s <0.005 n.s n.s n.s <0.005
For sodium (Na+), potassium (K+), bicarbonate (HCO3
S), and pH the values are expressed as mEq/L. For haemoglobin (Hb) values are
espressed in g% ml. For pO2 and pCO2 pressures in mmHg. And for heart rate (HR) in beats/min. Arterial systolic (ASP), arterial
diastolic pressure (ADP) and pulmonary arterial pressures (PAP) are espressed in mmHg. Multiunit vagal nerve firing (MUAV) and
cardioarrhythmogenic triggers acrivity (HEF-MEF) are expressed as number of spikes/s. Statistical significance of differences (paired
t-test) between the two groups is also shown. Values in (D) refer to the percentage of arrhythmic events during ictal activity observed
in the group of deceased and survived animals. SAB: sinus-atria blocks; AVB: atria-ventricular blocks; BB: bundle blocks; SVEB: supra-
ventricular ectopic beats; VEB: ventricular ectopic beats; S-T: impairments of S-T segment and T: T wave impairments.It is easy to speculate, as it is suggested by some
ECG events, that during paroxysmal activity, these
animals, together with a parasympathetic hyper-
tone also developed a concomitant functional
imbalance of the orthosympathetic division. In fact,
when paroxysmal activity began, despite the fact
that vagal activity significantly increased and acorresponding bradycardia was expected, heart
rate remained around its basal values, sometime
even showing a tendency to increase. Under the
same circumstances, concomitantly appeared
supraventricular and ventricular extrasystoles and
ventricular complexes of high voltage, that also
strongly suggest an orthosympathetic involvement.
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Figure 8 Histograms showing hemodynamic and hemogas parameters along with the statistical significance of
differences in surviving and deceased animals observed in basal conditions, during interictal and ictal activities. HR:
heart rate (beat/min); ASP: arterial systolic pressure (mmHg); ADP: arterial diastolic pressure (mmHg); PAP: pulmonary
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Figure 9 Histograms showing the percentage of ECG alterations along with the statistical significance in surviving and
deceased animals during ictal activity. SAB: sinus-atria blocks; AVB: atria-ventricular blocks; BB: bundle blocks; SVEB:
supra-ventricular ectopic beats; VEB: ventricular ectopic beats; ST: S-T impairments; T: T wave impairments. x2: chi
square test.In some animals, however, at the beginning of the
seizure, it was detected a moderate heart rate
increase and the appearance of sharpened Twaves,
which were subsequently followed by bradycardias,
and by an increase of QRS complexes voltage. All
these events are also evidences of an increased
orthosympathetic activity. Finally, in some animals,
HEF and MEF activation did not trigger any impair-
ment of heart rate or rhythm but they rather
induced a significant voltage increase of atria and
ventricular ECG waves.
In a previous report,24 it has been proposed a
detailed interpretation of these data that can be
resumed as follows: at the beginning of the epileptic
attack it is possible that orthosympathetic discharge
significantly increases its activity to counterbalance
the parasympathetic action on heart rate and ino-
tropism. The ventricular extra-systoles observed
under these conditions are a further indirect evi-
dence of this simultaneous increase of orthosympa-
thetic activity. In agreement with this hypothesis, in
humans, during the epileptic attack it has been
frequently observed tachycardia that is most likely
induced by the orthosympathetic imbalance that
usually occurs during seizures.31
Our observations are also confirmed in humans by
several Authors, who described a concomitance
between temporal epileptic seizures and heart rate
increase.32—38 During epileptic attack it has been
repeatedly demonstrated both in animals as well asarterial pressure (mmHg); MUA: multiunit vagal nerve activit
sec); Na+: sodium (mEq/l); K+: potassium (mEq/l); HCO3
: bi
(mmHg); Hb: haemoglobin (g% ml). t test: paired t-test.in humans a significant increase of circulating epi-
nephrine to potentially arrhythmogenic concentra-
tions39—41,11 As it is well known, at peripheral level,
high epinephrine levels may activate alpha-mem-
brane receptors, responsible for potassium mem-
brane permeability, with a consequent cellular
depletion of potassium that generates a concomi-
tant plasmatic increase.42
As hypothesized in the previous report,24 this
condition may worsen vagus-mediated cardiac bra-
dyarrhythmias and determine their evolution in life
threatening arrhythmias with consequent animal
death. The short latency of hyperkalemia observed
in the deceased animals seems to support the
hypothesis of a neurogenic origin of the phenom-
enon, as it is also shown by the positive correlation
between the appearance of ictal activity and hyper-
kalemia.
In deceased animals, notwithstanding artificial
ventilation, hemogas analysis showed a significant
decrease of pO2 pressure, this observation being in
agreement with the histological patterns of their
lungs. In all animals of this group it was in fact
evident a perivessel oedema, an oedematous infil-
tration inside the alveolar and bronchial lumen and
intraluminal mucous secretion in the bronchial tree.
This pattern was most likely determined by a con-
dition of pulmonary hypertension concomitant to
paroxysmal activity and parasympathetic overflow.
A possible explanation of this observation is that aty (spike/sec); HEF-MEF: cardioarrythmogenic foci (spike/
carbonate (mEq/l); pO2 and pCO2 (partial gases pressures
286 O. Mameli et al.the level of the respiratory apparatus, the parox-
ysmal activity by triggering an increase of parasym-
pathetic tone, induces bronchus-constriction and
increases the mucous secretion. The reduction of
bronchial tree diameter determines in turn a reduc-
tion of alveolar ventilation with a consequent fall of
pO2 pressure, as confirmed by hemogas data. On the
other hand, it is well known that pO2 pressure
reduction determines a reflex constriction of the
pulmonary vessels. Although the mechanism of this
phenomenon is still unknown, it is possible that it is
induced by a local reflex, which functional signifi-
cance is to shunt blood flow from hypo-ventilated to
normal-ventilated zones. In the deceased animals,
the parasympathetic hypertone prejudiced the nor-
mal ventilation of the pulmonary parenchyma even
though the animals were artificially ventilated. It
also has to be pointed out that respiratory para-
meters were purposely maintained consistent
throughout the experiments with those evaluated
in basal condition in each animal. The parasympa-
thetic hypertone determined therefore a hypoxic
condition that probably extended to the whole lung
and in turn caused a reflex vessel-constriction and
pulmonary hypertension, as confirmed by pulmon-
ary artery blood pressure recordings. Pulmonary
hypertension then justifies the perivessel oedema
and the oedematous infiltration in the alveolar and
bronchial spaces observed in the histological pre-
parations.
Disruption of the pulmonary function has been
repeatedly reported, both in animal and human
epilepsy43—49 to worsen, together with metabolic
impairment, neurogenic arrhythmias which, when
considered alone, are usually insufficient to cause
animal death.
In conclusion, the experiments show that a neu-
rogenic trigger could be responsible of sudden unex-
pected death when it simultaneously disrupts both
cardio-pulmonary and metabolic functions. In the
experimental model we set sudden death occurred
in fact only when there was the concomitance of
both circumstances.
However, it is not yet clear why notwithstanding
the same experimental protocol was applied to all
animals, only some developed clinical symptoms so
severe that survival was unfailingly compromised.
Since paroxysmal activity involved the same cere-
bral structures, it seems difficult to hypothesize
that the activation of a fatal trigger responsible
for animal death, acts only in some animals. A more
convincing hypothesis to explain this observation,
could be the existence of animals characterized by a
‘‘low threshold of excitability’’, whose central
structures were unable, during epileptic seizure,
to maintain a balanced ratio between sympatheticand parasympathetic activities. This hypothesis
agrees with results obtained in a model of SUDEP
studied in the sheep, where Authors were unable to
demonstrate any qualitative and/or quantitative
differences of EEG features of epileptic animals that
died respect to those that survived. This was also
true for plasmatic catecholamins and potassium
concentrations, the only significant difference being
represented by pulmonary ventilation.11
Finally, extending the above considerations to
human epilepsy, it is possible that also in human
beings exist ‘‘low threshold subjects’’. In these
subjects cardioarrhythmogenic triggers, activated
by HEF and MEF, may represent the final common
pathway of a storm of signals originated at the level
of the cortical epileptic focus. In fact, the extensive
neural connections, originated in the cerebral cor-
tex, particularly in frontal and temporal lobes,
converge on hypothalamic and brain stem struc-
tures.50,51 Therefore, it cannot be excluded that
under certain circumstances the cortical signals
activate the arrhythmogenic triggers simulta-
neously inducing cardio-pulmonary and metabolic
impairments that, in these particular ‘‘low thresh-
old subjects’’, may result in a sudden death.Acknowledgements
This work was supported by a grant of the ‘‘Regione
Autonoma della Sardegna (R.A.S.)’’. Authors wish to
thank Messrs. Giancarlo Sanna, Andrea Monti and
Franco Tavera for their assistance and technical
support.References
1. Hauser WA, Annegers JF, Elvebak LR. Mortality in patients
with epilepsy. Epilepsia 1980;21:399—412.
2. Neuspiel DR, Kuller LH. Sudden and unexpected natural death
in childhood and adolescence. JAMA 1985;254(10):1321—5.
3. Ficker DM, So EL, Shen WK. Population-based study of the
incidence of sudden unexplained death in epilepsy. Neurol-
ogy 1998;51(5):1270—4.
4. Annegers JF, Coan SP. SUDEP: overview of definitions and
review of incidence data. Seizure 1999;8(6):347—52.
5. Sperling MR, Feldman H, Kinman J, Liporace JD, O’Connor MJ.
Seizure control and mortality in epilepsy. Ann Neurol 1999;
46(1):45—50.
6. Leestma JE, Annegers JF, Brodie MJ, Brown S, Schraeder P,
Siscovick D, et al. Sudden unexplained death in epilepsy:
observations from a large clinical development program.
Epilepsia 1997;38(1):47—55.
7. Langan Y, Nashef L, Sander JWAS. Sudden unexpected death
in epilepsy: a series of witnessed deaths. J Neurol Neurosurg
Psychiatry 2000;68(2):211—3.
8. Nei M, Sperling MR. EKG abnormalities during partial seizures
in refractory epilepsy. Epilepsia 2000;41(5):542—8.
Sudden death in experimental epilepsy 2879. SmithWS, Matthay MA. Evidence for a hydrostatic mechanism
in human neurogenic pulmonary edema. Chest 1997;111(5):
1326—33.
10. Walker F, Fish DR. Recording respiratory parameters in
patients with epilepsy. Epilepsia 1997;38(11):41—2.
11. Johnston SC, Horn JK, Valente J, Simon RP. The role of
hypoventilation in a sheep model of epileptic sudden death.
Ann Neurol 1995;37(4):531—7.
12. Wilder-Smith E. Complete atria-ventricular conduction block
during complex partial seizure. J Neurol Neurosurg Psy-
chiatrtry 1992;55(8):734—6.
13. Tomson T. Mortality in epilepsy. J Neurol 2000;247(1):15—21.
14. Lathers CM, Schraeder PL, Weiner FL. Synchronization of
cardiac autonomic neural discharge with epileptogenic activ-
ity: the lockstep phenomenon. Electroencephalogr Clin Neu-
rophysiol 1987;67(3):247—59.
15. Schraeder PL, Lathers CM. Paroxysmal autonomic dysfunc-
tion, epileptogenic activity and sudden death. Epilepsy Res
1989;3(1):55—62.
16. Toichi M, Murai T, Sengoku A, Miyoshi K. Interictal change in
cardiac autonomic function associated with EEG abnormal-
ities and clinical symptoms: a longitudinal study following
acute deterioration in two patients with temporal lobe epi-
lepsy. Psychiatry Clin Neurosci 1998;52:499—505.
17. Kalviainen R, Keranen T, Mustonen J, Lansimies E, Riekkinen
PJ. Automonic nervous system function in Baltic myoclonus
epilepsy. Epilepsy Res 1990;5(3):251—4.
18. Van Buren JM. Some autonomic concomitant of ictal auto-
matism. Brain 1958;81:505—22.
19. Novak V, Reeves AL, Novak P, Scharbrough FW. Time-fre-
quency mapping of R-R interval during complex partial sei-
zures of temporal lobe origin. J Auton Nerv Syst 1999;77(2—
3):195—202.
20. Mameli P, Mameli O, Tolu E, Padua G, Giraudi D, Caria MA,
et al. Neurogenic myocardial arrhythmias in experimental
focal epilepsy. Epilepsia 1988;29:74—82.
21. Mameli O, Mameli P, Tolu E, Padua G, Melis F, Caria MA, et al.
Analysis of central cardioarrhythmogenic triggers in experi-
mental epilepsy. Epilepsy Res 1990;7:210—8.
22. Mameli P, Mameli O, Tolu E, Giraudi D, Padua G, Melis F, et al.
Investigation into whether neurogenic cardiovascular altera-
tions are involved in sudden epileptic death. In: Manelis J,
Bental E, Loeber JN, Dreifuss FE, editors. Advances in epi-
leptology. New York: Raven Press; 1989. p. 347—50.
23. Mameli O, Melis F, Giraudi D, Cualbu M, Mameli S, De Riu PL,
et al. The brainstem cardioarrhythmogenic triggers and their
possible role in sudden epileptic death. Epilepsy Res
1993;15:171—8.
24. Mameli O, Caria MA, Melis F, Severino C, Tavera C, Mameli P,
et al. Autonomic nervous system activity and life threatening
arrhythmias in experimental epilepsy. Seizure 2001;10(4):
269—78.
25. Daly M eB. Interaction between respiration and circulation.
In: Sheroiack NS, Widdicombe JG, editors. Handbook of
physiology. The respiratory system II. Bethesda: American
Physiology Society; 1985. p. 529—94.
26. Nashef L, Brown S. Epilepsy and sudden death. Lancet 1996;
348:1324—5.
27. Gutnick MJ, Prince DA. Penicillinase and the convulsant
action of penicillin. Neurology 1971;21:759—64.
28. Matsumoto H, Ajmone Marsan C. Cortical cellular phenomena
in experimental epilepsy: interictal manifestations. Exp Neu-
rol 1964;9:286—304.
29. Matsumoto H, Ajmone Marsan C. Cortical cellular phenomena
in experimental epilepsy: ictal manifestations. Exp Neurol
1964;9:305—26.30. Salvi F, Chiandotto B. Biometria Principi e Metodi. Padova:
Piccin; 1994. p. 1—552.
31. Novak VV, Reeves LA, Novak P, Low AP, Sharbrough WF. Time-
frequency mapping of R-R interval during complex partial
seizures of temporal lobe origin. J Auton Nerv Syst 1999;
77(2—3):195—202.
32. Blumhardt LD, Smith PE, Owen L. Electrocardiographic
accompaniments of temporal lobe epileptic seizures. Lancet
1986;1(8489):1051—6.
33. Keilson MJ, Hauser WA, Magrill J, Goldman M. ECG abnorm-
alities in patients with epilepsy. Neurology 1987;37:1624—6.
34. Smith PEM, Howell SJL, Owen L, Blumhardt LD. Profiles of
instant heart rate during partial seizures. Electroencepha-
logr Clin Neurophysiol 1989;72:207—17.
35. Zamrini EY, Meador KJ, Loring DW, Nichols FT, Lee GP, Fig-
ueroa RE, et al. Unilateral cerebral inactivation produces
differential left/right heart rate responses. Neurology 1990;
40:1408—11.
36. Freeman R, Schachter SC. Autonomic epilepsy. Semin Neurol
1995;15:158—66.
37. Galimberti CA, Marchioni E, Barzizza F, Manni R, Sartori I,
Tartara A. Partial epileptic seizures of different origin vari-
ably affect cardiac rhythm. Epilepsia 1996;37:742—7.
38. Leutmezer F, Schernthaner C, Lurger S, Potzelberger K,
Baumgartner C. Electrocardiographic changes at the onset
of epileptic seizures. Epilepsia 2003;44(3):348—54.
39. Benowitz NL, Simon RP, Copeland JR. Status epilepticus:
divergence of sympathetic activity and cardiovascular
response. Ann Neurol 1986;19(2):197—9.
40. Doba N, Beresford HR, Reis DJ. Changes in regional blood flow
and cardiodynamics associated with electrically and chemi-
cally induced epilepsy in cat. Brain Res 1975;90:115—32.
41. Simon RP, Aminoff MJ, Benowitz NL. Changes in plasma
catecholamines after tonic-clonic seizure. Neurology 1984;
34(2):255—7.
42. Williams ME, Rosa RM, Silva P, Brown RS, Epstein FH. Impair-
ment of extrarenal potassium disposal by alpha-adrenergic
stimulation. N Engl J Med 1984;311(3):145—9.
43. Nelson DA, Ray CD. Respiratory arrest from seizure discharges
in limbic system. Report of cases. Arch Neurol 1968;19:199—
207.
44. Terrence CF, Wisotzkey HM, Perper JA. Unexpected, unex-
plained death in epileptic patients. Neurology 1975;25(6):
594—8.
45. Bayne LL, Simon RP. Systemic and pulmonary vascular pres-
sures during generalized seizures in sheep. Ann Neurol 1981;
10(6):566—9.
46. Harper RM, Frysinger RC, Trelease RB. State-dependent
alteration of respiratory cycle timing by stimulation of the
central nucleus of the amygdala. Brain Res 1984;306(1—
2):1—8.
47. James MR, Marshall H, Carew-McColl M. Pulse oximetry dur-
ing apparent tonic-clonic seizures. Lancet 1991;337(8738):
394—5.
48. Graham DI. Hypoxia and vascular disorders. In: Adams JH,
Duchen LW, editors. Greenfield’s neuropathology. 5th ed.
London: Arnold; 1992. p. 153—268.
49. Hanning CD, Alexander-Williams JM. Fortnightly review.
Pulse oximetry: a pratical review. BMJ 1995;311:367—70.
50. Gray H. In: Davies DV, Coupland RE, editors. Gray’s anatomy
descriptive and applied. London: Longman Greens and Co
Ltd; 1973.
51. Walker AE. Internal structure and afferent-efferent relations
of the thalamus. In: Purpura DP, Yahr MD, editors. The
thalamus. New York, London: Columbia University Press;
1966. p. 1—11.
